Adolescence is characterized by complex developmental processes that impact behavior, biology, and social functioning. Two such adolescence-specific processes are puberty and increases in reward sensitivity. Relations between these processes are poorly understood. The present study focused on examining unique effects of puberty, age, and sex on reward and threat sensitivities and volumes of subcortical brain structures relevant for reward/threat processing in a healthy sample of 9-18 year-olds. Unlike age, pubertal status had a significant unique positive relationship with reward sensitivity. In addition, there was a trend for adolescent females to exhibit higher threat sensitivity with more advanced pubertal development and higher reward and threat sensitivity with older age. Similarly, there were significant puberty by sex interaction effects on striatal volumes, i.e., left nucleus accumbens and right pallidum. The present pattern of results suggests that pubertal development, independent of chronological age, is uniquely associated with reward hypersensitivity and with structural differences in striatal regions implicated in reward processing.
Introduction
Adolescence is a period of transition into adulthood, involving biological, psychological, and social changes. An essential normative process during adolescence is the development of sexual maturity, or puberty. Increasingly, pubertal development has been empirically linked to the maturation of emotional processing functions that extend beyond sexual or reproductive contexts (e.g., Forbes et al., 2010; Quevedo, Benning, Gunnar, & Dahl, 2009; Silk et al., 2009; Stroud et al., 2009) . Recently, another important normative process in adolescence related to emotional processing has gained empirical support-an increase in sensitivity to rewards (Casey, Jones, & Hare, 2008; Ernst, Pine, & Hardin, 2006; Nelson, Leibenluft, McClure, & Pine, 2005; Somerville, Jones, & Casey, 2010; Steinberg, 2008; Urošević , Collins, Muetzel, Lim, & Luciana, 2012) . Theories posit that pubertal changes may drive the observed increases in reward sensitivity (Dahl, 2004; Forbes & Dahl, 2010; Steinberg, 2008) , potentially through hormonal effects on the subcortical structures involved in emotional/reward processing (Blakemore, Burnett, & Dahl, 2010) . However, empirical examinations of the associations between pubertal development and adolescent reward sensitivity and relevant subcortical brain structures are sparse. After a brief overview of relevant literature, the present study aims to address these empirical gaps by examining unique effects of sex, pubertal status, and chronological age on reward and threat sensitivities and subcortical brain volumes during adolescence.
Heightened reward sensitivity during adolescence
Over the last decade, empirical support for the hypothesis that reward sensitivity is excessive during adolescence has grown immensely. In epidemiological studies, adolescents exhibit greater rates of incentive-driven behavior with a high potential for negative consequences, such as substance use and unsafe sex (Eaton et al., 2006) . In comparison to other ages, adolescents exhibit heightened reward sensitivity on self-report measures (e.g., Uroše-vić et al., 2012) , stronger effects of monetary incentives on task performance (Hardin, Schroth, Pine, & Ernst, 2007; Jazbec et al., 2006) , and greater positive affect in response to the receipt of monetary rewards (Ernst et al., 2005) . Similarly, in experimental paradigms assessing responses to variable rewards and risks, adolescents exhibit greater sensitivity to positive feedback compared to other ages (Cauffman et al., 2010) . Finally, adolescents who prefer high-risk, high-reward choices in an experimental task also endorse more high-risk behaviors in the real world (Rao et al., 2011 Abbreviations: BAS, behavioral activation/approach system; BIS, behavioral inhibition system; Nacc, nucleus accumbens; OFC, orbitofrontal cortex; PCA, principal component analysis; PFC, prefrontal cortex; VS, ventral striatum.
